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FUEL SPRAYS FROM A PUMP INJECTIQON SYSTEM

By A, M, Rothrock'and %, T, Marsh
Sumnary

digh-spoed motion picturses were taken of individual
Tuel sprays from a pump injection system, The changes in
the spray-tip penetration with changes in the pump speed,
injection~valve opening end closing pressures, discharge-
orifice arsa, injection-tube length and diameter, and
pump throttle setting were moasured. The pump was usecd
with and without a chock valve. In addition, the effocts
of the variables on the time lag and duratiorn of injoc-
tion woro dotermined with an oscillloscopé. -Tho.rosults
snow that tho penotration of the spray tip, tho time lag
of injoction, and the duration of injection can bo con-
trollod by the dimoensions of the injection tubse,:the area
of the discharge orifico, and the lajection~valve oponing
aund closing nrossures. ) .

Tutroduction

To determino the suitability of a given type of injec-

tion system for high-speed compression-ignition engines,
it is nocessary to know the operating charactoristics of
the system, One of the most important characteoristics to
be invostigated is tho formation and tho development of
tho fuol spray. During tho last five years tho National
Advigory Committee for Aecronoutics has published consider-
able information on the effects of the various factors
which control the formation nnd the development of the fuel
sprey. Investigations have been conducted with a mechan-

cally opernted injection valve and with sutomatic injec=-
tlon valves, In these invostigations it was necessary to
opcr“ta the injoction system from o constant -source. of
pressure bocause the purpose of the tosts was to investi-
gate the offects of such variables as the injection pres—
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sure, the spray-chamber density, and the discharge ori-
fice design.

With pump injection systems, haowever, the injectlon
pressure varies with pump speed and in some cases with the
fuel quantity delivered. Tests already counducted (refor-
ence 1) have shown that tho injsction prossures affect the
ponotration of the fuel spray during the first few thous-
andths of a second. As this is the time available for in-
Jection in a high-speed compression-ignition engine, it 18
important to know how the pressure variations in a pump
injection system will affect the fuel-spray penetration
and dispersion., It is also advantageous to Inow the ef-
fects of such variables as the injection-tube length, the
injoction-tube diameter, the discharge orifice diameter,
and the injection~-valve opening and closing pressures on
the penetration and dispersion of the fuel spray.

This report presents the results obtained from an in-
vostigation made at the Langley MHemorial Aeronsutical Lab-
oratory, Langley Field, Va., to determine the effect of-
punp speed, the dimensions of the injection tube, the pump
throttle setting, the discharge orifice diamoter and the
adjustment of the injection valve on the start, duration,
penctration, and dispersion of the fuel spray. 4s far as
was practicable the tost conditions were the same as those
used by Rothrock in his investigation of the hydraulics
of fuel-pump injection systems. (Soc reforence 2.) Tho
injection valve and the fuel pump were the same as those
described in reference 2. The pump was tested with and
without a check wvalve,

Apparatus and Methods

A diagrarmatic arrangement of the apparatus used in
thig investigation is shown in Figure 1. Thls apparatus
is a modification of thoe N.A.C.A. spray photographic
equipment . (roference 3) used in taking high-speed motion
pictures of a single spray discharge from a common-rall
svstomy Two modifications have boen made: &a chango from
the common-rail system to tho pump system of injection,
and a change in the spray chamber -so that continuous in-
jections from a fusel pump into the compressed alr would
not fog the chamber and prevent photographs from being
taken of & single spray. : : :
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In the modified spray chamber (fig. 3) a funnel was
arranged in front of the nozzle to deflect the sprays into
a regervoir. Releasing the funnel catch allowed the fun-
nel to drop below the nozzle and permitted the spray to
enter the spray chambsr. With the proper tinming the fun-
nel uncovercd the valvo nozzleo botween pump d&ischarges so
that thore was no interference botweon the sprsy and tho
funnol,

The pump tested was a six—cylinder commercial fucl
pump, A cross section through one of the cylinders of the
pump (fige. 2) shows its coastruction. The outlets from
five of the pump plungers were by-passed to the oill reser-
volr and the sixth was connected to the injection wvalve
with a seamlese steel tube having an outside diameter ap-
proximately twice the inside diametor.

The injection pump was rotatod by a variable-spesd
cloctric mobtor and was connecteod to the camshaft through a
jaw clutch. The cawxshaft remained stationary until en-
gaged by this clutch, It then made one revolution with
the pump shaft., During this revolution of the camshaft,
the funnel catch was released; the rotary switch completed
the electric circnit between the condensers and the spark
gape The rotary switch and the pump wore timed with the
serrated coupling so that the spray was synchronized with
the discharges of the condensers. The injection~valve
closing pressure instead of opening pressure was measured
because of the greater accuracy of this measurement. (Ses
reference 2.) The injection-valve opening pressure was
approximately l.4 times the closing pressurs.

The fuel oil used had & specific gravity of 0,83 and
an absolute viscosity of 0,022 poise at 100° F,

Unless otherwise stated, all tests werc made with a
0.020~inch dismoter orifice and a 34~inch injection tube.
The dischargc orifice length—-diamoter ratio was 6:1 in
all tests.

Tne procedure for taking a spray photograph was the
same for all tests. The pump was brought up to the de-
sired speed and the throttle opened for a few revolutions
to expel all air from the injection line., Ailr was then
blown throuszgh the spray chamber to clear the glass walls
and to remove suspended o0il particles. Thc air pressure,
with the exception of one test, was raised to 200 pounds
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per square inch, a density of 1,1 pounds per cubic foot,
which is equivalent to the density in the combustion cham-
bér of an engine operating at a compression ratio of 14:1,
and the funnel was raised and latched in position, When
the desired filmedrum speed was reached the pump throttle
was agaln opened, and after sovoral revolutions of the
pump the clutch was engaged. A progrossive series of pho-
tographs was thus recorded of the spray development. From
these records the spray-tip ponotration curves wero ob-
tained.

Stem—~13ift records of the injection-valve stem were
also taken in & few cases to debermine the movement of the
valve stem under the pressure conditions in the injection
valve, Tne method was the same as described in reference 2.

An oscilloscope (reference 4) was uscd to determine
the start and duration of the spray when injected 1lnto the
atmosphere. The curve of the pump cam and the pecint at
which the pump by-pass port closed for the start of injec-
tion have been given in reference 2. This point, 132° of
pump-cam travel, was used as a reference for plotting the
oscilloscopo data in pump degrees,

Test Results and Discussion

Spray-t%t ip Penetration

The resultes of the tests are shown by graphs oa whilch
the penetration of the fuel spray-tip in the sgpray cham-
ber is plotted against time, Tangents to these curves in-
dicate the rate of penetration of the spray tip. A sepa-~
rgte curve is plotted for each varliable and the effect of
the variable on spray-tip penetratlion is noted., Each
curve 1s plotted from two or three tosts under the same
conditions, Additional checks weroe madoc when large varia-
tions appeared, Zero time on tho graphs refers to tho
start of the spray from tho orifilco.

Effect of pump speed.~ In reference 2 it was sho¥Wn
that varying the pump speed sdded to the initial pressure,
approximately the valve-closing pressure, in the injection
tube instantaneous values of pressure proportional to the
veloclty of the pump plunger., As the initial pressurc was
increased the ratio of the pressures croated by tho motion
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of the pump plunger %to the total pressure at any instant
decreased, It has also been shown in references 1 and 5
that both the maximum injection pressures and the injec-
tion~valve opening pressure affect the spray-tip velocity.
However, as the rate-~of-pressure rise, after the injsction
valve opens, ‘decreases or as the ratio of the maximum pres-
sure to the iIanjection-valve opening pressure decrsases it
can be expected that the effect of the injection-valve
opening preéssure on the spray-tip ponetration will in-
crease and the effect of the maximum pressure will de-

.croaso, We tan therefore oxpoct that, in gcneral. as theo

injoction-velvoe opening pressurc is inc:eased the eoffcckh
of pump spoed on spray-~tip ponotration will decroaso,.

In reference 2 it has also been shown that as the pump
speed is decreased a spesd is reached below which the pres-
sure waves originating at the fuel pump are not. sufficient
to hold tho injection-valve stem from the seat, This wvalue
of speed depends on the injection~pump plunger diameter,
the pump-cam contour, the injection-tube diameter, the in-
itial pressure ln the injection tube, ths injection-valve
opening and closing pressures, and the pressure into which
the discharge takes place. It is, within practical lim-
its, independent of the injection-tube length. For speeds
below this value the injection-valve-stem wlll tend to os-
cillate, thereby opening and closing the injection valve.
The phenomenon is sometimes sccompanised by a chattering
of the injection-valve stem against its sdat during the in-
jection period, When this phenomenon occurs the fusl dis-
charge instcad of consisting of a single spray will con-
sist of two or more individual sprays following pach other,
gonorally in guick succoession. Under cortain circumstancos
the stem may not 1ift sufficiontly to expose a flow areas
greater than the discharge orifice area. In this caso the
stqm and seat togother act as a variable-arca orifico.

to rostriction to flow the spray will not hevo tho
Penetrating ability possible wore the stem fully lifted,

The effect of pump speed on the spray-tip penetra-
tion at an injection-valve closing pressure of 2,000
pounds per square inch is shown in Pigure 4. In no case
was there evidence of primary sprays before the main
spray at pump spoeds above 760 r.p.m, The variation in
maximum prossures and in the rato-of-pressure rise was
sufficient to cause the spray-tip ponotration to increase
with pump spoed,
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Figuro 5 shows tho-offect. of low pump speocds on tho
spray—~tip poenotration at an injoction-~walve closing pros-
suro ‘'of 2,500 pounds por squarc lnch., Theoe flgurc shows
‘that at the two lower spcods primary sprays appcarcd beo-
foro- the main spray. Theso primary sprays wero caused by
the soating of the -injoctlon-valve stom aftor tho initial
oponing, Aftor tho socond 1lifting. of tho stem the pros-
sure was sufficient to koop the injection-valvo stem off
its -seat, If tho main sprays at the two lowor speeds are
compared with those at the higher speeds (fig, 5-B) it 'is
seen- that the penetration of the main spray is not appre-
ciably affected by the pump speed, It may be concluded
that in this case the injection-valve closing pressure was
sufficiently high so that the effect of the rate~of~pres-
sure rise and maXimum pressures had no approciable effsect
on the spray-tip penetration of the main sprays.

At low pump spceds end with an injection-valve clos-
ing prossurc of 500 pounds por squarce inch, tho rato-of-
prossuro rise and the maximum pressurcs matorially influ-
oncod tho ponotration (fig. 6). At the two lowoer specds
primary sprays occurrad

Flgure 7 Buows a. spray photograph and stem~-1lift rec-
ord taken at a pump speed of 190 r.p.m. with atmospheric
pressure in the spray chamber. The small lines at the
top of the stem-1ift record were caused by a spark gap
placed in series with the main gap for taking the photo-
graphs. Consequéntly, each line corresponds to a spray
photograph, Because the stem record oxtended for moro
than a single rovolution of the film drum tho spray photo-
graphs ‘and tho stom rocord are not synchronizod The in-
joction~valve stom oscillatod, thus opening and closing
the injeoction valve and causing a-serics of sprays. The
bouncing of tho stem was olimlnatod whon tho chamber pres-
sure was increased to 200 pounds per sgquare inch, because
of the additional force on the stem, However, when the
pump speed was decreased to 108 r.p.n. (fig, 8) the bounc-
ing of the stem during the whole injection poriod agaln
occurred tiaough the chamber pressure was 200 pounds por
squarc inch. Comparison of Figures 7 and 8 showe that in
the former tho stem 1ift and consoquoently the prossurcs
wore higher than in the latter.-

Affect of injection-valve closing pressure.- Figure
9 shows the effect of the injection~valve closing pres-
sure on the penetration of the tip of the main spray for
a pump speed of 470 r.p.m. The records showod that thero
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were 'primgry sprays with injection-valve closing pressures
of 1,500 pounds per sguare inch or greater, .. The figure
showg that the penetration of the main spray lncreases as
the injection-valve closlng pressure was increased until

a value of 1,500 pounds per sguare inch is roeached, For
this prossure the spray-tip ponctration decrcascd. As tho
injection-valve closing pressure was further lncreased the
"penotration again incroased, The decroase in the ponotra-
tion at the injoction~valve closing pressure of 1,500
pounds por square inch was probably caused by the dinjec~
tlon-valve stem throttling the flow of fuel past the valve
seat, ADbove thls injection~velve closing pressurse, al-
though throttling still occurred as has bsen shown lin ref-
erence 2, ' the pressure at the start of injection was suf- .
ficient to give the spray the increased penetration,: -

The penetration of both the primary and main sprays
for the injection~valve closing pressures of -1,500 and
2,000 pounds per square inch is shown in Figure 10, It is
seen that the.primary spray as well as the main spray
penetrated at a faster rate as the injection~valve closing
Pressure was increased, .

Figure-1ll shows the sffect of the injoction-valve
closing prossure on the spray-tip penetration for a pump
spced of 780 r.p.m. No primary sprays were observed at
this speed. FHowevor, as was the case With 470 r.pPems, &
minimum penctration occurred at a particular injection-
valve closing pressure, 2,000 pounds per square inch,

At low injection-~valve closing pressures and a pump
speed of 760 r.pems., it was shown in refsrenge 2 that the
pressure-wave phenomenon caused secondary discharge- after
cut-o0ff occurred at the fuel pump. Secondary discharges
did not occur with the highor injection-valve closing
prossures., The photographs showed theso secondary.dis-
charges with the low valve closing pressures, but becauss
of the fogging of the chamber the photographs wsere not
cloar enough to reproduce on a half-tone print,

Effect of injection-tube diameter.~ As shown in ref-
erence 2, ‘it is advisable to use .an injection-tube diam-
eter equal ‘to or slightly greater than the critical tube
diameter so that the flow through the injection tube will
be laminar with a resultant small pressure loss caused by
friction, -Figure 12-A shows that the ponetration at a
pump speed of 760 r.pe.nts was neanly the .same -for all in-
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. jection~tube diameters sven when diameters considerably
less than the critical diameter (0,098 in,) were employed.
For the conditions shown in Flgure 12-4 it may be con-
cluded that the injection-~valve opening and closing pres-
sire controlled the spray-tip penetration,

For the pump speed of 470 r,pem. (fig, 12-B) the
smaller tube gave the lower spray-tip penetration. As the
test conditions caused primary starts at the beginning of
the sprey (fig. 10) the drop in rate of penetration was
probably due to thelr formation,

To i1illustrate the ianfluence of these primary sprays
in this instanco, & comparison of Flguro 10 with Figure
12-B shows that the primary spray ponetration for the
0,076~inch tube falls below tho curve for the primaries of
the 0.041- and 0,059~inch dianeter tubes, indicating low-
er penetration for the 0,076-inch tube. However, the main .
spray for the 0.,076-inch tube shows greater penetration, )
The spray photographs for the 0,04l% and 0.0594inch diam-
-eter tubes show primaries but the maln sprays are not *
clear enough to be measured directly. Measurement of the
clearest main spray (0.059-inch tube) shows the main spray
penetration to be the same as that for the 0,076~inch iube.

The increase in penetration for the 0,125-inch tube
(470 r4peme) is due to laminar flow which exists in the
tube.: As shown in reference 2, turbulent flow in a tube
results in friction and pressure losses which give a low
initial stem 11ft and a slow rise in pressure at the in-
jection valve, Both conditions aid the formation of pri-
mary sprays. With laminar flow these conditlons are lack-
ing and a fastor rate-of-pressure rise results which in-
creasos the penetration.

Effect of injection-tube lengith.~ Figure 13 shows tae
effect of the injection~tube length on the spray-tip pen~
etration, The results show that there was little varla-
tion in the spray-tip pemnetration for tube lengths betwoen
34 and 70 inches, Bacause of the limitations of tho appa-
ratus 1t was not possible to test injoction-tubo longths
of leeg than 34 inchos., However, it was shown in rofer- -
ence 2 that the instantancous pressures showod little vari-
ation with injoction~tuboe longths of from 4 to 34 inchos.
Consoquently it may be assumed that the injection-~tubo .
longth docs not havo an approclable offoct on tho penetra-
tion ofthe fusl spray. -
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Effect of pump-throttle setting.~ Increase in the
pump-throttle setting (fig, 14) gave decreased pensetration.
The injection periods for low throttle settings were short
but the spray reached the maximum penetration that could
be measured before cut-off occurred, The offect of the
initial pressure rise with carly cut~off should havo a do-
tormining effect on the action of the spray. TFrom stom-
1ift roecords (reference 2, fig, 17) the pressure.risec as
tho valve stom is first 1ifting is morec repid at the lowor
throttle setting, The higher initial volocity of theo
spray gives, therefore, an increased rate of penetration
for the lower throttle settings.

Effect of check valve in pump.- With no check valve
in the pump there was a slight incresase in the rate of pen-
etration over that obtained by using a check valve, as is
snown by Figure 15, The results without the check valve
wore erratic. In refereonce 2, Fligure 19, the stom-~lifd
curve obtained without a check valve in the pump shows a
faster rate of stom 1ift than with a cheock valve, indicat-
ing a greater pressure rise and greater initial spray-
tip veolocity than that obtained with a check wvalve in the
pump, but the injection period was materially decreased,
However, later results have shown that rempving the check
valve also decreases the total fuel quantity discharged.

With no check valve between the pump and the injec-
tion tube, the tube often became air-locked causing a
pulsating flow in the injection tube, but no injoection,
The air lock was probably caunsed by air lsakage from tho
spray chamber past the injoction valve seat. This alr
lock veorsisted even aftor the injoction-valve closing
prossuro had beon ralsed to 4,500 pounds per square inch,
The othor five plungers would discharge regularly into
the oll reservoir, With ths check valve in the pump, any
alr in the line was forced out during the first few revo-
lutions,

Effect of bopen nozzle.,~ The open nozzle used in these
tests was fitted with a ball-check valve close to the noz-
zle to prevent leakage of air into the injection line, as
recommended in reference 7., With the check valve in the
pump a marked incroase in the rate of pemnetration was
noted at 760 r,p.m. (fig. 16) over that obtained without
the check valve. The increase at 470 r.,p.m. was not so
noticeable, The increase in rate of pensesftration was due
to the fact that the closing of the check valve trapped
an initial pressure in the injection line equal to the
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spray-chambaer pressure, This initial pressure aided in
building up higher pressires in the injection tube. Fur-
thermore, the check valve lessened the probability of the
formation of an air pocket in the injection lins,.

The penotration obtained with the open nozzle with
and without the check valve at the pump was less than that
obtainod with thoe closod nozzlo under the samo conditions.

Effect of orifice dlameter.~ Flgure 17 shows the re-
sults obtained with a 0.030-inch diameter orifice at pump
gpeeds of 470 and 760 r.peme These curves show a lower
rate of Penetration than the corresponding series for the
0.020-inch orifice (fig. 15-B) and the photographic rec-
ord gshows a decrcased injection poeriod.

Values for the instantaneous pressures (fig. 18) at
tho orifice, computed by the method presented in rofercnce
2, show that with the 0.,020-inch orifice tho instantano-
ous prossuros wore much highor than with tho 0,030-inch .
orifico. Those highor pressures resulted in & higher rate -
of penstration for the ' smaller orifice,

Time—Lag-and.Duratidn of Injection

Curves were plotted from the oscilloscope data to
show the following: the start of injection, i.e., the ap-
pearance of the Iirst faint‘spray; the beginning of the
main spray; the stop of the main spray; and the stop of
injection,

The point at which the pump inlet port closecd is in-
dicatod on all tho graphs at 132° of pump travel. The
main spray in no case startod below this position. When
injoction startod below this position it was caused by the
fact that the wave originating at the pump plunger was not
entirely diseipated through the by-pass valve. This phe-
nomenon of injectlion starting before itha by-pass valve
closes has also bogn observed in the N.A.C.A. single-cyl-
inder pumps., It can bo eliminated by enlarging the by~ o
Dass aroca.

In the figures the solid curves represont the start .
and stop of injection and the brokKen curves roprespnt the
start and stop of the main spray. In somec cases where
the start of the wmain spray was irregular the points are
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gshown on the figure but =2 curve has ndt been- -drawn through
taem, - . :

Effect of pump speed.- Injection lag in pump degrees
decreased with increass in pump speed (fig. 19) and with
decrsase in the injection- valve closing pressure. (See
figs. 19 and 21,) The 1nJectlon ‘period in degrees in-
creased for increase in’ pump speed and for decreased valve
closing pressure, :

The injsction lag in seéconds decreased with iAcreased
punmp speed and with decreased valve closging -pressurs..
(See fig. 20.) The lag increased very rapidly as the pump
speed was dropped below 400 r.,p,m. for both high’ and low
valve closing pressures because of the low intensity of
theo initial pressure waves originating at the pump. . Above
400 r.pem. the injection lag tended to become independent
of the'pump speed., o

The duration of the injection after the by-pass valve
oponed increascd for decreased valve ‘opexring pressure.
Figure 20 shows thav duration of injectidén after the by-
pass valve opened remained at approximately 0.003 second
for tae high valve closing bressure and for pump speeds
above 250 r.,p.,m, .For the low valve closing pressure the
duration of injection after cut-off increased with in-
creased speed from 0.003 second at 250 r,p.ms to 0,0056
second at 750 r.p.m. The increased intensity of the pres~
sure waves of the higher pump speeds had more effect on
the duration of ingectlon at the 1ower valve openlng pres—
sures. . - .

The injection periocd in seconds decreased very slow-
ly with increased speed above 400 r.psm. Below 400 r.p.m.
tae injection period increased rapidly with-decreased
speed, the injection period at 250 r,p.ms and 150 r.p.m.
being two and three times, respectively, the injection
period at 750 r.peme. The total injection period was
‘shorter for the higher valve closing pressure. This re-
sult is in accord with the results presented in refersence
2e

Bffect of injection-valve c1051ngdpressure.- The

valve closing pressure (flg. 21) shows a constant initial

injection start up to a valve closing pressurs of 1,200
pounds per square 1nch .An increase in the wvalve closing
pPressure above tnls value gave a’ 5° later injection start
which remained constant for the valve closing pressures
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vetween 1,600 and 2,700 pounds per square inch. This in-
crease in the lag of 5% is equivalent to 0,00011 second or
the time required by a pressuré wave to twice traverse

the injection tubs. (See reference 2,) It may be con-
cluded that the initial wave was sufficient to open the
injection valve with injectlon-valve closing pressures up
to 1,200 pounds per square inch but that. for pressures
above 1,600 pounds per square inch it was necessary for
the initial wave to be reenforced by a reflected wave.

The irregularitios. in the start of the main spray wore ac-
companied by irregularlties in the cut-off and the disap-
pearance of -tho spray.

Effect of injectilon~-tube diameter.~ The injection lag
decreased as the injection-tube diameter was increased up
to 0,080 inch. (See fige. 22,). Further increase in the
tube diameter caused thes lag to increase. Reference 2,
Figure 29, shows that the critical tube diameter for both
450 and 750 r.p.m, is approximately 0,098 inch, Below
this value the incresse in injection lag 1s caused by the
increased resistance to.flow, Above the critical value,
increase in injectlion lag is caused by the decrsase in the
intensity of the initial pressure wave. PFor a.-different
spoed from those triod, a minimum should be. expectod at a
point corresponding to tho critical tube diameter for that
particular speod. It is particularly interesting to noto
that increasing the injJjection-tube diameter decreases the
time lag of the cut-off of the fuel spray aftor cut-off
&t the-pump.

Bffect of injection-~tube length.- The injection lag
and injection period did not vary with the tube lengths
of 34 and 74 inches, It is difficult to explain why the
74-inch tube 4id not show a greater lag than that observed
with the 34-~inch tube., The apparent discrepancy is un-
doubtedly ceused by the size and shape of the by-pass pas-
sages -in the pump. _

Effect of pump—throttle setting.- Bxcept at very low
throttle settings there was no variation in injection lag
with throttle setting., (Bees fig. 23,) The sharp increase
in the injection lag between 1/2 and 1/4 throttle setfting
was caused by the variation in the size and shape of the
pump plunger passage for the by-passed fuel.

Effect of check valve in pumps.~ The effect of the
chock valve at the pump on injection lag and injection
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period was quite notlceable, Table I shows that the in-
Jection lag increased on removal of the check valve.
This was due to the fact that no initial pressure was
trapped in the injection tube to aid in the building up
of pressure as has been explained in reference 2.

The duration of injection aftor cut-off at the pump
also decreasod whon the check valve was romoved because
at cut-off the pressure in the injection tube dropped very
quickly to the pressure in the suctlion chamber. With no
check valve the injection lag d4id not decrease with in-
creased speed, although the injection period was longer
with a higher speod.

Table I

Effect of check valve on duration of injection
Injection~tube length - 34 inches

;njeétioﬁ~tub§ inside diameter - 0,125 inch

Pumb spesd — 750 T.pem.

With check valvé Without check walve
Start of injection 130° . 138°
Start of maln spray 135° 1470
Stop of main spray 172° .1730
Stop of injection 179° 1770

BEffect -0f open nozzle.- The injsction -lag for the
open nozzle decreased with increased pump speed and the
injection period imncreased, (See Table IL)fAs tho injec-
tion-valve closing pressure of a closed nozzle is reduced
the characteristics :of the closed nozzle approach those
of the opeén nozzle. Therefore the open nozzle‘data are
comparable to those obtained with.the closed nozzle with
a valve closing pressure of 500 pounds por sguarse inch,
'""Fhe open nozzle shows a much longer.injection period than
the closed nozzle at & valve closing proessuroc of 500
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pounds per sguare inck, The shorter injection periodlof'
the closed nozzle is dve to. the earllier seating of the
valve, sten after cut-off,

‘Pable II

Comparison of duration of injection
with open and with closed nozzle

Injection-tubs length - 34 inches

Injection~-tube inslde diameter ~ 0.128 inch

Closed nozzle
voCoPo b
500 1b./sq.in,

Open nozzle
470 T,pem, 750 T'yPells 750 TeDelle
Start of injection |  127° 126° - 128°
Start of main spray 1349 132° 132¢°
Stop of main spray 176° : 184° 177°
Stop of injection 190° - 217° 189°
Conclugions

The test results presented show that fusel-injection
pumps designed for high~speed compression-~ignition en-
gines have satisfactory operating characteristics over the
speed range wWhich 18 encountered under load in ordinary
practice, At low speeds, such as aroe uscd for starting
and 1dling, the fuel injection takos place as a soerios of
sprays, because the fuol pressures originating at the pump
are not sufficlent to maintain high injoction pressures at
the dischargo orifice of the injoction valve. The rosults
also show. that. the fuel-spray characteristics and the dura-
tion and start of injoection are affectod by the injoction-
tube diameter, the injection-valve opening and closing
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pressufes, the dischrage-orifice area, the pump throttle
setting, and check valves placed in the system,

The particular conclusions are-

1. Increasing the 1njection~Valve opening and closing
pressure increases the spray-tip penetration, decreases
the duration of the injection, and increases the tendency
for primary sprays to appear before the start of 1nJection.

2e Increasing the pump spesd increases the spray—tip
penetration with low injection-valve oponing and closing
pressures, but has little effect on the pensestration for
high injoctlon-~valve opening and closing pressures; de-
creasoes the injection lag; increases the duration of tho
injection in pump degrecs; and decreases the tendency for
'primary dlscharge to occur, .

3 Increa81ng the injection-~tube diametor from a val-
ue below the critical diameter to a value equal to the
critical diameter decreases the time lag of injection and
the duration of injection. Increasing the injection~-tube
diameter from a value equal to the critical diameter to a
value greater than the critical tube diameter -dncreascs
the time lag of injection and decreascs the duration of
injection, .

4, Increasing the injection-tube diamoter decreases
the time lag between cut-off at the ¢u91 pump and cut-off
of the fuel spray. :

Langley Memorial Aeronsautical Laboratory,
National Advisory Committee for Asronautics,
Langloy Fidl d, Va., August 24, 193l.



16

1,

2o

Se

4o

Se

6

7

II.A.C-A. Technical Note ]!70. 395
References

Gelalles, A. G.: BEffect of Orifice Length-Diametor
Ratio on ruel Sprnays for Compression-~Ignition
Engines. «R. No. 402, N.A.C.A,, 1931,

Rothrock, A, M.: Hydraulics of Fuel Injection Pumps
for Compression~-Ignition Engines, T,R. No., 396, _ B
NedoeCoh,, 193, -

Beardslsy, E. Go: The N.A.C.A. Photographic Apparatus . -
for Studying Fuel Sprays from 011 Engine Injection
Valves and PTest Results from Several Resesrches,
TeRe Foe 274, NeAuCehs, 1927,

Hicks, Chestor W,, and Moore, C. S«: The Dctormination
of Soveral Spray Characteristics of a High-Bpeed
" 011 Engine Injoction System with an Oscllloscopo,.
TN, No. 298, WN.A,C.A., 1928,
Rothrock, A. He, and Marsh, E, T.: The Effect of In-
Ject10n~Valvc Opening Pressure on Spray—Tip Ponotra—
tion., T.N. No, 384, ¥N.4A.C.A,, 1931, ) -

Rothrock, A, M.: Prossure Fluctuations in a Common-

Rail Fuel Injection Systom, T.R, No., 363, H.A.C.A.,

1930, S —
‘Rothrock, A, M., and Lee, D. W.: Some Characteristics

of Fuel Sprays from Open Nozzles. ?.N. No. 356, :
VoA Colha, 1930, ' ) -



il

reservoir / Z\\\\rim dzm
SN . \

=
B
0]
gd.
—
 C
\},'.
|
I
|
t
i
i
':
|
:
|
!
1
t
/

L
<

w; Injection | | e "_/
line M\ /& A~~~ /-1t 0 TTTTTTmmmm—oos
Spark gap
reflector
Flywheel 2T
: E *=L7 . Funnel catch
%77
o 7 -
Punp \/( ¢ >_‘Qhralcﬂn | // - Pugh rod
Pump shaft-” | RS _
\ I
) i
1 { -
Motor b ;-; Cam:"~ Rotary switch
U\ ! Serrated -’ f
(\‘ // vy (ij§2/'\>~2, Tig. 1 Diagrammatic arrangement of
o TN I ’ y b - A W A N A snrmor nhatAasranhins
. II S u-ﬂ--v-n-tD;J-wur;v;;‘Eu;l:;i
Cem shafh = _ equijgx:en or us _

"Of ©40N TEOTUYOS *V'D°V N

ges

T "B




Pig., 2

Check wvalve

7777777 777,

\ \mrwxvmxv\\
4 s & YOV GII NN
ey /| VU SRR

A Y4 N\ ]
e L ] ’
b /Y [ -

/]

AN

t_ | , - g
/,/ﬁ@@@ RIS mg ;
N\ BRSNS NNNNRY

25
; 7 \A_,\\m\N\\\Y\

SRONERRE

Injection -

tube

Diagrammatic sketch of fuel pump used in tests.

Suction
reservolr
Throttle --

control
| N

N.A.C.A., Technical Note No. 395
Fig, 2



¥.A.C.A, Technical Note No.395 Fig.3

Injection

tube ——
{

Injection !

\\.
4 e ]
W- TSI AT
.

TTLCrL S L L)
Reservoir

y /s
S A
J'/
A8
- \ N
'\‘ B \
'S \\ 7
Y N TR
} i ¥ e
| € }Push rod o F
o o sh ro 1 "- %
2 ot 4/

i

B
d05

o ST
'

\

~

Fig.3 Spray chamber for use with fuel PULPSy



=

Penetration,inches
L

. 3
&
- o
.‘ [ ]
b, (a o g
a“ /-""
/+§+§f o q
A A o Q
/, /é/ o 0,002 |sec. E
1/ g
/ ?;/ a, speed,1470|r.p.m. -
LT b, " " ),1000| " )
// %/ o
/ c, M nt weo| =
a, o i avol w _——0 e
i/ /"‘f-' A AT lnn aPlanm smdamd L
/— VAL [ HOL e pal POL S LQL U
///g I of injection.
/ I
)/ I
o
4+
001 .002 .003 : 500 . 900 1300 1700w
Time, aecondy T p.m, éf
Pig.4 Effect of pump speed on penetration. Valve closing pressure, 2000 1b./sq. in. L

Tubs length,34 in. Injection tube inside diemeter,0,125 in. Orifice dlameter,0.020 in.




Penetration, inches

[

-
' {

=
| 7J | a,Pumip gpeed, 300~750 r.p.m. ' o ;(:
s ! l// , " "1 470 1“ yd ",(V_E i
! * , |, '300 n ©
D;é /@ i /{‘ ! a, wi, 100 M £ E’
4 /6 ! { ! /f o
7N A e v o/
X / [ i_X - S /4 &
A N ;
! / -—x | .
//// // / / g
X&x
< ) / /f {
[ /
[ AL
7/ j‘// /’ (1) With primary eprayy / (B) Tieglecting primary spray
] /
D ek 7
AR /
1/,/! [ H i [
0 .00 ,002 ,003 0 .001 .002 .003
Time, secondyx Time, secondk 2

Fig.5 Effect of pump speed on spray-tip pesnetration at high injection~valve closging pressure., U

1]

Injection~valve closing pressure, 2500 lb./Sq. in, Tube length,34 in. Injevtion tube inside™
diameter,0.125 in, Orificc dismeter,0.020 in.




Penetrabion,inches

T L oA
X L. O

Tube length,34 in., Orifice diameter,0.020 in,

5
a,Pump speef, 300 k.p.m.
b, w180 | *®
- x/{a b Loy fe, ° 308 | ® x;;//:
al— / ) / ) //’/f?’ ﬁ
) // A/ :(,/
= i / z//"///O/ 4 ////Aj/
] y L
f // Néfz //A/if
avya 144
s Jf? e
VY s
/17 V4 :
1 jg /1{ 7///
,(/ M{Z;'(A) Vith primary|sprey /// //r ) ﬁeglac bing ppimery| epray
0] »U0L »00= 003 004 0 001 002 »003
Time, secondy Tlme, aecondﬂ

t of pump speed on sprey-iip penetration st low injection-valve closing pressure.
ction-valve closing pressurs,500 l'b./ 8g. in. Injection-tube inside dismeter,0,125 in.

GEL"ON e30f TeOTUUOe] "V O°F'K

9°31.0




]
358
; g
Py . . 7 8 2

_ ; A .

-2 Kivi 010 .one 008 007 0086 005 . . «
- Time., :econdi
K]

04 . . r 012 ’ .04
Time, secondy Stem 1ift start not shown
Pig.7 Sprey photogreq:h and stem-lift record at low pump speed.
Pumn mead.190 r.n.m, Injection-wvalve closing pressare,500 1b. per 8q. in.

B e R R oty e ol e b

Injection-tube insid.e diameter,0.125 in. Fube length, 24 1n Spray chesmber d.ansity 0.0765 1b. per cu. ft.

S W W h
Penetration,
inches.

007

Time secoﬁ
03

— e W e——— | - S—

0

Stem 1ift,
Jnehﬁ
=1

0

[~3 1

.onz .004 .008 .008 ,010 .02 .04 .ois
Time, second g Stem lift start not shown

HMe.8 Spray photograph and stem~l1fi racord at low pump speed.
Punp speed,108 r.p.m. Injection-walve closing pressure,500 1b. per sq. in.
Injection-tube inside dismeter,0.125 in. Tube length,34 in. Spray chamber demsity,l.ll 1lb. per cu. It

-
G62°ON S3ON TEOTUUIRL "¥*O°V'H

R >




N.A.C.A. Technical N¥ote No.395

Valve closing pressure.

8, & 400 1b./sq. in.
b, X 880 n n 1t
c, [o) 1250 144 fl 1
d, + 1500® & ®
e, ] 2000 i 1 1

[9)]

Penetration,inches
¥

N

[w]
By
D\.

|V

T

0 001

Fig.9 Effect of injection-valve closing pressure on spray-tip

002
Time, second%

‘005

+004

Fig.9

penetration. Pump speed,470 r.p.m. Injection-tube -inside
diameter,0.076 in., Tube length,34 in, Orifice diameter,0.020 in,



Ponetrstlon,lnchos

o

p
! ',Lv)'n. ) /,{’ }

Primary sgr

a f/
Primery FPTay) ’; p

>
>3
\;
%
\\
R
l\‘
<
A\
h
\{'Q
G680 030K TROTUIOSL V'O V'H

A
2 7“ ‘Main spray A /71 *Mair sprag

[t
&
Tt B
+
Rt

g { (&) [Valve |closing pregsure, ) (B) |valve |closide predsurs,
1" / 1500 1b./sqd in. J 2000 ¥b./sqd in.

{ !

8 «Q01 .002 .003 0 .001 .002 .003 .004
Time Bacond.}. Timo, secondy by

Fig.l0 Effect of injection~velvo closing prossure on sprey-tip ponmotr atlon of primery and main oy
sprays. Pump spood,470 r.p.m. Injoctlon-tube inside diameter,0.076 in. Tube length,34 in, o

4 Ff1nn Adomatar N O in
A Aade Aebor b ke LALLIAS U WS .U-vw e




N.L.C.A. Technical Note No.395 Fig.1l1l

Valve closing pressure
a,o0 bH50 1b./sq. in.
b, x 1200 M " "
C,A 2000 1 H 1
d, + 2500 * n "
e, 2700 " L

5 ' i
}e:}é //é
47

4 Vil

N
N
Y

\§

Penetration,inches
)
§

W

¢

0 .001 002 .003 .004
Time, second.%

Fig.1ll Effect of injection-valve closing pressure on spray-tip
penetration. Pump speed,?60 r.p.m. Injection-tube inside
diameter,0.1®% in, Tube length,34 in, Orifice diameter,0.020 in.



Ponstration,inches

5= l | r - T
bo ¥ {d *le \
9 { L
/",/’x lﬂ :(/g/
W/‘{TA i tV(/’ L= -8,b
b %%l
4 At ’ Tube diamTter et
42’4 8, |%.041lin, ¢y a,b, [Primaxy sprdys
4 b, |0.055] /¥ | eid, Maln goreys
77 ; /¥
7(, e, |+.076 /
/ a,ls.126 o
3 71 __
/jr
4
X =
4 /;
L1/ ?./
/ 4/
:f /
& J/
> 3
/ M+
£
. [z‘ i
ks {A) Pump spead, 750 T.pim. é’l/f/ (B) Pymp sped, 470 T.D.Me.
LA 3
0 001 002 .003 0 001 002 2003 «C0&
Time, sacondk Tims, secondg
Fig.12 Effect of injection~tube inside diameter on spray-itip peneiration. Injection-valve closing

ctio
pressure, 2000 1b, /

G b by
,%4 in. Orifice diamete

o303 TEOTUYORE ‘¥ 'Y'N

T

GBL " Ok

21 3td




! T T , T i ] |
in.,tube length ’ {34 iin,

| /Kra 11
/A

[
TBL"OR oF0N TeoTuqosy 'V O'V'N

Penetratlon,lnches

(A) Pemp speed,76( r.p.m. | z( (B) Pump spaed.,é’?d) r.p.g.

—0,
T
P::‘:_: -
~~x

O . .001 .0‘02 .O’OZ [ ) 1 ;002 » H

Time, secondg Time, secondy &

Fig.12 Effect of injection-tube length on spray-tip penetration. Injection-valve closing prossure,in
2800 1b.,"3q. in, Injection-tube ingide dismeter,0.125 in. Orifice diesmeter,0.020 in.




¥.A.C.A. Technicel Wote Ho.395 Fig.1l4

Throttle setting

8, X 71-
b,0 %
2
3
c,+ -
&
d, A Full
5
|
4 -
w
[o]
g 3
a
A
g el
8 (8777
g /
2 l
g 2 b
8 ///7
A
001 .002 .003 004

Tims secondg

Fig.1l4 Effect of pump throttle setting on spray-tip penstration.
Pump speed,760 r.p.m. Injection~valve closing pressure,

2000 l'b.,/Sq. in. Injection-tube ingide diameter,0.076 in. Tube length,

34 in, Orifice diameter,0.020 in.



Penetration, inches

G62 "ON 930N TBROTUUOSL ¥ 'O°YV'N

Time, seconds

B T ! |
rd
//-"// x, i
/7 /+ Il A 2
7 LT_P e
(/.s ————— Pump speed, 760 r.ﬁ.m. I x
—_ " ,
./.n;/ 470 r.p.m. & /
4 i ’
i+ ,"
t,/ 'y
"1’: 7
o y
- i
L
3 7 r
I’/* ,.’/
.4.4+/ ']
i !
/ /
/ /
2 ’;(- /c
; / ]
! K
/ [
:/ ,
{ J
)
1 ;I !
i 1 () ¥b check valvg in pimp. / (B) Check valve in pump}
]
;7 o
‘D 0L ,002 . 008 0 001 002 003

Time, seconds

¥ig.15 Effect of check valve on spray-tip penetration. Injection~-valve closing pressure,
2500 1b./sq. in. Injectlon-tube inside diemeter,0,125 in. Tube length,34 in, Orifice

diameter,0.020 in,

G1*FtE




Penetration,inches

GBE“CH °30N TeOTOeL "V O°V°N

Time, seconds

Time, sacond:

1

Flg,16 Effect of check valve and open nozzle on spray-tip penetration., Open nozzle.
Injection~tube ingide diameter,0.125 in. Tube length,34 in. Orifice diameter,0.020 in.

o § ’l_f
a’f{ 7 ,’f /
§ i P A
7 v
r
A//‘(Z + /, /
Pl e JA) F+
4 TE _3T /
£ A
L / +/
L4 7
A4 === Pump ppeed, {60 r.p.m. 4
¢ " n ) h / -
5 ’ / ’ v /
f;'d-/-’ ’"' //
£ / '
/7 /I
/| 4
2 v ; &
,
A "/
/ /
i /
1+ ¥
!
N LY
i 4 7
y (A} ¥b check valvp in pjmp. /¢ | (B) Check vhlve ip pupi
4
/
/
/ ;
Q .00L 002 003 004 0 001 002" =003

o1 "#1g




N.A.C.A. Technical Note Ho.Z295

V7]

Penetration,inches

0

a,Pump speed, 760 r.p.m.

Fig.1l7

o

' 1t H ’470 u
I x, +
a
f-) x/é /'."/
— +
Neglecting / 1
primexy spray N /
/ Y x /
// £
x/ N (——Wiih primary
/ AN 2
24, .
// /
X
= AL ’
(I
/
> 4
Al
f /-
/ //
,'/ 7 -/
£ A1/
S
x/ _;J.'f/ H'/
P / .
.01 .002 .003
Time, seconds

.004

Flg.1l7 Spray-tip penetration with 0.030 in. orifice. Injection-
valve closing pressure, 2500 1'b./Sq. in. Injection-tube
inside diemeter,0.125 in. Tube length,34 in. Orifice dismeter,

0.030 in,



N.A.C.A. Technical Note No.395 FPig.18

8000‘

7000

:

:
\\
/

/ ~10.020! in. orifice

:

Fuel prcssure,lb./sq. in.
1
:
\
\

N

:

I \\(’Q 0.030{in. orifice

L

1000; —

0 .002 . 004 006 .008
' Time, secondyp

Fig.1l8 Instantanesous pressure at discharge orifice. Pump speed,

760 r.p.m. Injection-valve closing pressure, 2500 lb./sq. in,
Injection-tube inside diameter,0.125 in. Tube length,34 in.



: =
190 . | .
/ | o
185 7 e
/ 3
Stop of ihjectipn
180 Al 4 E'
\ / - g
175 bl T - ' e E
X/ - 01
:")"170 i )’/ /A‘ﬁ;—St—p pf maip | i g =
< = apray __ - cy
B =" p Gals il B il &
B165
i By-pape port openk—,
lg i .
5160
Z‘ Valve closing pressure} 500 1'9._/5q. in, ValvlL closing pressurel 2500 Lb,,/sq% in.
Q
1140 2
]l o D
= ~—~Beginning of paln epray \ \o\\—
H . a)
1356 = . [ ~— a
-.\‘ i L - ‘_.‘_\5‘_ .
14} P e el ’-—' ey
\\é\LLInLet port cloge - — 4
130 “1\1‘
™
Start of injecti%nJ S~
I s e Y
125 I — ~
Pump degrees per second) I Pump degrees per second
a4 1200 | 2000 3600 0(B) 1200 | 200 | 8600 480
0 200 400 600 0 200 400 600 800 1.
Pump sgpeed,r.p.m. Pump speed,r.p.m. wQ

Fig.1l9 Effect of pump speed on injection lag end injectlion per:l.od Injection-tube ingide diemeter,
0.125 in. Tube length,34 in.




g
g

- i ! i - H
" § \ Start| of in]ectio?}/!/r \\ | |
N - N s et I I N NN N A
. a “-Stop bf melp spray ~o '|
2.002kK0t B R~ R ———— L '
ﬁ .
= g AGy-pagn portl openg |
L T 1
Olo--gT . |
';5 Valve| clogihg prepsure, 500 1b./5q. in. Valve| closlhg prefsure, 500 l':u./’sq. In,
m
21\
.008 Btos
L}
I ) \
«UJDT. :.‘}""-_1 -
& Total|,injecftion ppriod \
b & \5, \
=] =] e \ .
.Q04 =0
g ‘:_'6 \\ ] \ \
2 | H . — I
.ﬁ 002 SOLg \ \
B4 -l
L Inlet| port 310505} \L
00— \ . - Tt
E ~_ ¢ Pert pf injection, Fig.20 Bffoct »f pump lspeed lon injectiod lag
002 [ and. injedtion goriodl Injeqbtion-#ube
: ingide diameter,Q.125 in. TulHe length,34|in.
(4) (B)
0 200 400 600 ) 200 400 60O
Pump speed,r.p.m. Fig.20 Pump speed,r.p.m.

800

65 'OR ©304 TROTUo8L *V*O°V N

e

02 Frg




H.A.C.A. Technical Liote No.395 Fig.2l
190 T .
|

@ \(.—_Stop of infjection
e i85 <
b \ Kemm Koy
"’ /

180 >f- 4
g S~ \ W‘/
o A /P\\ﬁ T ——=s—"]
8 175 . < 2
't,:l( -~ \£s~~\ \\ ,/
o ! J R SUDERS W
<% Stop jof main spray-_/
g 170
[o]
o
4o
s
-~ 165
=]
H AN

By-pags port opend—/

160
w 145
‘8’ Boginning of main egray, /,’3\

{ AY
E).O 140 r‘!’ N
o g AN
o-0 .
2, 135 —= -©
§ e —Enlet port clloses
£
o 130 A 4 o=
&
a ‘/ﬁf—start of inljectiop
3 A [
+ 125 2
9 |
D
>
e
= 120
0] 800 1600 2400 3200

Valve closing pressure,lb./sq. in.

Fig.21 Effect of injection-valve closing pressure on injection-~lag
and injection period., Pump speed,?50 r.p.m. Injoction-tube

inside diemoter,0.125 in. Tube length,34 in.



2

-]
x
o

[1r]
D
1]
&
o
o
180 o
X “\ P
E N ==
g N
i A N *|stop fof ingects 4 el
& %\ \(w D lo njection o A
5170 > =
§ . \ﬁ\\ a \
g Stop df malq apray~\jr-_\~“‘tf\\\\
" 165 e
L]
By-pags pori opena:»ﬁ
160
Pump egpeed,450 y.p.m. Pomp speed], 750 x.p.nm.
u -’9
@ Id
a}140 s
g QBeginning qf mein spray o e
OI"'“"G-_._‘ e /"f
135 ==t et
Inlet jport P g 0 T~ -
9 150 [flomet. T H . N ;
& (4) Start of injectidn-/ (8) \\\\A‘*——a__ﬂ_~«f”’//’
. 125
'E]l 0 .04 .08 112 O |O4 -08 012 -16

Fig.22 Effect of injection-tube inside dismeter on injection lag end injection period, Injection~valve

Injection tube dlameter,in,

cloping presgurs,2000 1b./sq.in. Tube length,34 in,

Injection tube diameter,in.

G6ZTON 830 TBOTUOe "T°O ¥V K

2291k




G6% "0l 930N TBOTUUILL *V'R°'T'K

185 - = ,
Stop of injectipn --"Ty ;
gt AU SR I Y R .
/
/,/ , /
/ £
178 { i 34
/ / / 1 // p
/] 3 / " iy
170 T A—r £ 7
g . / A /‘ // / /
e £ 7 '_,
M165 S | L} VY.
o / / /—5’ /
" // ,I // 7 / 7
‘ /
5;160 X /“'"r X f X/ ,/d
g ‘ Ay YA
ﬂ ’4‘ ’4 // /
o 155 Lty VAN, ‘
4 Y 717 VA
1
§150 StoLof main spray /// a /f‘t‘
e 1 ) 7 - ——
5 V;Ct-‘)t ,20 0 1h- {Sq.in P'(ﬂ’v G.P.Z)OO 1'b /Bqui . // VoUur-,
;;? Tube diams%er,o.)él in £ be di%.0.076 in. £ | 2700 1b./sf.in.
— -
Begﬂhning bf main apra.;r--} . Tube ?ia.,0r125 ih,
135 i i ~ s &““’0""”0“‘_%
IO g ——qJ—== —{
“q Inlet pprt closes o —T 4
“B—s yo > o - 1 ) S o -
130 - A et
Start|ef in|jection—' p N W
(a3 2NN D e TS
125l | ks 148)

O 20 40 60 8 0 20 40 60 80 0 2 4 80 80
Throttle setting,per cent of maximum position

Fig.23 Effect of throtitle setting and injection-tube inside dlesmeter on injection lag and

injection period. Pump speed,?b0 r.p.m. Tube length,34 in.

g2 *FiE




